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a b s t r a c t 
Lignin-protected TiO 2 can reduce the release of free radicals photogenerated by TiO 2 . This can be achieved through the intrinsic absorption of lignin that acts as 
an antioxidant strategically located on the surface of TiO 2 particles while retaining – and to some degree improving – the light absorbing and scattering properties 
of TiO 2 . A 1–3% loading of lignin is sufficient to achieve this protection, with the coating produced photochemically taking advantage of the intrinsic free radical 
photogeneration capacity of TiO 2 . The process has been scaled up to amounts around 50 g per day by developing a large (10–25 L) flow photoreactor. As industry 
tends to use larger particles, our studies show that radical generation is lower with 100 nm, compared with 25 nm TiO 2 particles; further, rutile is less reactive than 



























































Skin-related cancers such as carcinoma and melanoma are the most
revalent forms of cancer worldwide, with diagnosis rates increasing ev-
ry year. An estimated 40–50% of Americans who live to the age of 65
ill be diagnosed with at least one form of skin malignancy during their
ifetime [1] . The vast majority of these cancers are caused by solar UVA
nd UVB-mediated photodamage. Long-term exposure to UVB rays is
articularly dangerous, as they can directly damage cells and DNA [2] .
espite being less erythrogenic and carcinogenic than UVB, UVA radia-
ion also presents a significant danger in the form of its interaction with
ndogenous photosensitizers [ 3 , 4 ] which can generate cell-damaging
ree radicals; this effect can also be compounded when skin is exposed to
ertain organic pollutants [ 1 , 2 ]. Due to an initial lack of knowledge re-
arding the effects of UVA radiation on skin, first-generation sunscreen
ormulations contained almost exclusively organic UVB absorbers, such
s para-aminobenzoic acid, padimate O, and octyl methoxycinnamate.
he discovery of the deleterious effects of many of these ingredients on
he health of both humans and aquatic lifeforms, however, has prompted
heir discontinuation and replacement by organic molecules capable of
bsorbing UVA and UVB, as well as mineral formulations [ 1 , 5 , 6 ]. 
While organic UVA and UVB absorbers present a significant advance-
ent in protection over UVB-only absorbers, many of them have been
ound to have similar negative environmental and health effects as their
redecessors [7] . Octocrylene, for example, was found to increase the
roduction of radical oxygen species (ROS) [8] when applied to UV-
xposed skin. Furthermore, long-term use of organic sunscreens has∗ Corresponding author. 
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 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) een linked to skin disorders, such as frontal fibrosing alopecia [9] .
urther, environmental damage to systems, especially coral reefs, have
dentified some organic components, such as oxybenzone as one of the
olecules responsible for their damage [ 10 , 11 ]. 
The use of mineral UV blockers, namely titanium dioxide (TiO 2 ) and
inc oxide (ZnO) has recently become more prevalent in sunscreen for-
ulations, as governments regulate or ban the use of certain organic
ngredients and consumers seek health and environmentally conscious
lternatives [12] . However, the use of these inorganic materials can also
e controversial, and in particular TiO 2 has been the subject of concern
ecause of its well-established ability to participate in electron transfer
eactions and in the generation of free radicals when exposed to UV light
 Scheme 1 ). Indeed, TiO 2 is a common photocatalyst in work relating to
he degradation or mineralization of organic matter, a well-known ap-
lication that adds to the controversy concerning the safety of TiO 2 in
unscreens and cosmetics; and its use has been referred to as a “societal
xperiment ” [ 13 , 14 ]. 
The absorption, band gap and catalytic activity of TiO 2 depend on
he crystalline structure of the mineral. There are three main polyforms
f TiO 2 , brookite, anatase and rutile, with just the last two being rel-
vant for the applications described here. The most common form of
iO 2 is referred as P25, predominantly anatase with about 13% rutile
nd particle size around 25 nm; it is widely employed in photocatalytic
tudies and has also found applications in the cosmetics industry [15] .
utile has a reputation of being a poorer catalyst than anatase and in
ome catalytic systems this has been documented to be the case [ 16 , 17 ]. Nottingham, NG7 2RD, UK. 
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Scheme 1. Accepted mechanism for the generation of ROS by UV photoexcita- 








































































































a  e note that a less reactive material (i.e., rutile) would be a preferred
ngredient for cosmetic applications, in contrast with catalysis. 
Furthermore, for applications in the cosmetics field, it is accepted
hat larger particles ( > 100 nm) are safer as they cannot penetrate the
kin. Nevertheless, particles should not exceed certain sizes (size <
iffraction limit, for visible light this is around 250–300 nm) for which
hey become readily visible, being closer to paint than the expected
osmetic discreet appearance. In general industry now prefers particles
round 100 nm, to which we will refer as P100a and P100r, for anatase
nd rutile, respectively. We note that P100r can be made by heating
100a at 600 °C or higher temperature for several hours (700 °C in our
ase); this strategy ensures that both materials have the same chemical
omposition. 
Despite the clear advantages of using TiO 2 as active sunscreen in-
redient, due to the combination of UVA light, oxygen and humidity,
he generation of free radicals by TiO 2 is essentially unavoidable. In-
rganic coatings may somewhat mitigate the problem, but not really
liminate it. In 2016 we reported on an independent strategy where
ather than preventing TiO 2 from radical generation, we covered TiO 2 
ith a nanometric layer of lignin, a natural and non-toxic material with
xcellent radical trapping properties [18] . In other words, tree-derived
ignin is an antioxidant that does not prevent TiO 2 from generating rad-
cals, but rather scavenges them before they can damage biomaterials.
n the same contribution, centered on P25 TiO 2 , we made use of a sim-
le technique to test the ability of lignin to inhibit the action of TiO 2 -
enerated free radicals; namely, TiO 2 readily photocatalyzes the oxida-
ion of isopropanol to acetone [19] , a process dramatically slowed down
y a lignin coating. 
Labelled as lignin@TiO 2 , our new material offers several advantages;
ost importantly, it preserves the excellent light scattering and UV ab-
orption of TiO 2 , while adding additional UV absorption by lignin and
ntioxidant characteristics from lignin. Our reported synthesis was per-
ormed on the milligram scale, enough for material characterization, but
nsufficient for cosmetic manufacturers to test its performance. Our in-
eraction with the sunscreen and cosmetic industry suggested that min-
mum requirements involved 100 g to multi-kilogram quantities. Inter-
stingly, the synthesis of lignin@TiO 2 involves the excitation of TiO 2 in
ignin-rich solutions and (perhaps ironically) depends on the generation
f free radicals to crosslink lignin on the surface of the TiO 2 particles.
n this sense, a successful synthesis of lignin@TiO 2 is by itself a demon-
tration of the ability of naked TiO 2 to generate free radicals under UV
xposure. The scale-up of photochemical reactions presents unique chal-
enges [20] ; specifically, the penetration of light for practical purposes2 oes not scale up, and simply follows Beer-Lambert’s law. In the case of
eterogeneous photocatalysis this is further compounded by light scat-
ering from the suspended solid and the need to maintain a reasonable
omogeneous distribution of the suspended solid, frequently the cat-
lyst. In this contribution we report on our successful scale up of the
ignin@TiO 2 flow synthesis. 
xperimental section 
There different types of TiO 2 were used in our experiments. Our early
ork [18] utilized P25 TiO 2 purchased from Univar Canada, which is
redominantly anatase with about 13% rutile and the average dimen-
ion of the particles is 25 nm, frequently with a tendency to aggregate.
he other commercial sample contains predominantly 100 nm anatase
articles and was purchased from US Research Nanomaterials (Houston,
X); we describe this material as P100a. This material was calcined at
00 °C for 4 h to get rutile, the TiO 2 thermodynamic stable form, de-
cribed as P100r. XRD analysis confirms P100r contains 100% of the
utile form. 
Four lignin samples were kindly supplied by FP Innovations
Pointe Claire, Quebec, Canada). Among many tests performed, ther-
ogravimetic analysis (TGA) and diffuse reflectance (to evaluate color)
layed a key role in our final selection of the sample described as
Hinton-A ” (from Hinton, Alberta, Canada) as the most promising sam-
le for cosmetic applications. These experiments are presented in detail
n the Results and Discussion section. 
Lignin samples were also analyzed using FTIR and demonstrated sim-
lar spectra to those reported in literature [ 21 , 22 ]. The spectra included
ands at 1716 cm − 1 and 1711 cm − 1 , which are attributed to C = O
tretching from the esters and substituted alcohols and aromatic moi-
ties. The esterification of phenols and alcohols of the propane chain,
hich occurs due to the use of formic acid and carbonyl content, re-
pectively, during the pulping process. Additionally, bands at 1600 and
500 cm − 1 are characteristic of aromatic compounds in the lignin struc-
ures, as they are attributed to aromatic skeletal vibrations. The peak at
300 cm − 1 is attributed to OH stretching, higher intensity of this band
an occur due to the introduction of OH group towards lignin during the
lkali treatment or can be a contribution by hemicellulose that had not
een removed completely during the fractionation process. The peak oc-
urring around 2800 cm − 1 is attributed to the methoxyl groups and the
eak at 2900 cm − 1 of the stretching of the C–H in methyl and methylene
roups. 
xperimental set-up 
Early experiments were performed in batch mode and using standard
abware and illuminated with UVA fluorescent tubes in Luzchem pho-
oreactors. In a quartz test tube, 10 mg of lignin was combined with
0 mg TiO 2 in 5 mL of solvent (alkaline aqueous solution of NaOH
n Milli-Q water, pH 12) and stirred for an hour prior to irradiation.
he slurry was placed in a quartz test tube and subjected to UVA light
369 nm LED) irradiation for 2 h while vigorously stirring. The slurry
as separated by centrifugation at 8000 rpm for 15 min, at 22 °C and
anoparticles were washed 3 times. The first and second washes used
lkali solution (pH 12) to remove any unbound lignin and the last wash
as with Milli-Q water, to remove any basic solution. 
In order to scale up the production we chose to design a flow setup
hat could conveniently accommodate gram quantities of precursors
hile being compatible with available irradiation sources. The initial
ystem was based on a ~30 cm tube placed between two Luzchem EXPO
anels, each with 5 UVA lamps (8 W each), delivering a total UVA irra-
iance of about 1200 W m − 2 with UVA accounting for 94% of the light
mitted. The Pyrex flow tube was 305 mm long and had an internal
iameter (ID) of ~14 mm, providing an effective irradiated volume of
pproximately 45 mL and could handle about 3 L of solution containing
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Fig. 1. Initial flow system showing two Luzchem EXPO panels, Pyrex flow tube (hidden by enclosure), and peristaltic pump. The top right corner shows an inset of 
the EXPO panel used in the device. 
Table 1 
Summary of Reactor Specifications. 
Parameter Value 
Number of Tubes 6 
Number of 40 W UVA Lamps 12 
Volume per tube (mL) 231 
Total Power (W) 480 
Total Volume (L) 1.39 
Flow rate (mL/s) 1.33 



































































 g of lignin, 3 g of TiO 2 , and 1.2 g of sodium hydroxide. The solu-
ion was recirculated and pumped at 1.3 mL s − 1 to ensure that the TiO 2 
emained in suspension. A photograph of the set-up is shown in Fig. 1 . 
A full-size flow system was inspired by successful experimental
esigns in the literature [ 22 , 23 ] and built to produce 20–50 g of
ignin@TiO 2 per day. In order to scale up production and increase res-
dence time for maximum UV exposure, six 1.5 metre-long glass tubes
ith an internal diameter of 1.27 cm (0.5 ″ ) were used in conjunction
ith twelve 40 W UVA lamps, for a combined power of 480 W. Using a
eristaltic pump with a flow rate set to 1.3 mL s –1 , the residence time
as 17 min. This flow rate was selected to maximize the residence time,
hile also minimizing solid build-up within the tubes and reducing wear
n the peristaltic tubing and pump. The solution, which was prepared in
 25 L plastic carboy, is pumped through the system using a peristaltic
ump and fed to the glass tubes through 0.25 ″ peristaltic tubing and
.25 ″ to 0.625 ″ plastic couplers. A 10 L batch containing 30 g of lignin
nd 30 g of TiO 2 was successfully synthesized in three hours using this
ystem. The full system is shown in Fig. 2 . Full reactor specifications are
rovided in Table 1 . Representative TEM images of lignin coated P25
ere included in an earlier contribution [18] , while a comparison with
100 is shown in the Results and Discussion Section. 
Control experiments under dark conditions were carried out using
iO 2 , lignin and lignin@ TiO 2 showing no reaction. 
The flow methodologies just described lead to the fabrication of sig-
ificant quantities of lignin@TiO 2 , at least 50 g per 8 h day. Completion
f the manufacture requires the material to be cleaned, separated and
haracterized. Several approaches were tried, including liquid-liquid ex-
raction, vacuum filtration, sedimentation (combined or not with salt-3 ng out) and centrifugation. In the end centrifugation at 8000 rpm for
5 min proved to be the simplest approach. Within the scale-up capa-
ilities of our laboratory we were able to centrifuge up to one liter of
uspension in four 250 mL centrifuge tubes at a time. While volumes
f 10 L and up proved labor intensive, such separation would not be a
hallenge at the industrial level. 
Separation by centrifugation (15 min, 8500 rpm) was followed by
ashing twice with alkaline water (pH 12) and centrifuged until the su-
ernatant was clear. Following removal of the supernatant the material
as dried to a fine powder under air and stored in the presence of a
esiccant. 
sopropanol oxidation as a test for free radical activity 
We have evaluated the photoirradiation mediated free radical activ-
ty of TiO 2 by using the well-known oxidation of alcohols to ketones as a
est reaction [18] . Here we used an established methodology [ 19 , 24 ] to
valuate the inhibition of the photocatalytic activity of TiO 2 when mod-
fied with a photogenerated lignin shell. The conversion of 2-propanol
o acetone in aqueous solution was evaluated in presence of TiO 2 and
ignin@TiO 2 for several types of TiO 2 at 35–38 °C under combined UVA-
VB irradiation. Control experiments under dark conditions were also
erformed. Further details are included in earlier publications from our
roup [18] . 
The detailed procedure was as follows: isopropanol was photo-
xidized to acetone under combined UVA and UVB irradiation (10 UVA
amps and 4 UVB lamps) at 35–38 °C. Control experiments under dark
onditions were carried out using TiO 2 , lignin and lignin@TiO 2 show-
ng no reaction. The conversion of an aqueous solution of 2-propanol
5 mM) under stirring was examined in the presence of TiO 2 , lignin and
everal lignin@TiO 2 nanoparticles (2 mg/ mL). The experiments were
onducted over a 4 h period, where 1 mL aliquots were collected from
 5 mL solution every hour. Aliquots were centrifuged at 7000 rpm, for
0 min at 20 °C. Supernatant (800 𝜇L) was used to record the 1 H NMR
pectrum using the water suppression sequence, with the pre-saturation
ignal centered at 4.706 ppm (proton signal of H 2 O) in the presence
f 3-(trimethylsilyl) − 2,2,3,3-tetradeuteropropionic acid (sodium salt)
TMSP) in D 2 O as the external standard. The degradation of irradiated
sopropanol over time was analyzed using a previously fitted calibration
urve. 
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Fig. 2. Full-size flow system showing UVA 
lamps, glass tubes and 23 L contained. The peri- 
staltic pump is the same shown in Fig. 1 . A total 
of 12 UVA lamps (40 W each) illuminate 7.2 m 
of tubing (total length 9 m). 
Table 2 
Information on TGA analysis of different types of lignin from FP Innovations. 
Type of lignin Approx. Lignin (%) on lignin@TiO 2 
a Water (%) Carbohydrate (%) Mass Lost (%) at 800 °C 
Hinton-A 2.7 2 16 100 
HWL 2.3 2.3 17 100 
ZHL-10 18 2 27 79 
K31 2.5 2 13 55 
a Experiments based on P25 TiO 2 . 
Scheme 2. Free radical generation in the pho- 











































w  esults and discussion 
election of the lignin sample for sunscreen applications 
While lignin is a natural product derived from trees, the material
ormally available for further processing in chemistry laboratories has
sually undergone chemical treatments, sometimes harsh, to enable its
eparation and solubilization. These processes are frequently accompa-
ied by discoloration, something that may affect its usefulness in cos-
etic applications. While in some cases lignin can be bleached through
xidative processes, we decide to exclude any oxidative pre-treatment,
s the cosmetic and sunscreen applications that we envision take advan-
age of the antioxidant properties of lignin and it is unlikely that these
haracteristics will survive any oxidative processes. 
Of the four lignin samples were kindly supplied by FP Innovations
he sample described as “Hinton-A ” (from Hinton, Alberta, Canada) was
he most promising sample for cosmetic applications; Fig. 3 shows pho-
os of this material with and without TiO 2 . The samples with TiO 2 be-
ame slightly darker upon exposure to light. Fig. 3 also shows the diffuse
eflectance spectra of the four samples, along with the results of ther-
ogravimetic Analysis (TGA). 
Examination of the spectra in Fig. 3 reveals that the HW lignin sam-
le has very strong absorptions in the visible region (also evident by
isual inspection), making it unsuitable for cosmetic applications. Anal- g
4 sis of the TGA data between room temperature and 800 °C reveals that
nly two samples, HW and Hinton-A undergo 100% mass loss. Beyond
he evidence for the absence of inorganic or other highly stable materi-
ls, complete weight loss is a convenient property given that our work
equired determining the lignin content of lignin@TiO 2 . Thus, Hinton-A
ignin is the only lightly colored material that undergoes 100% weight
oss under TGA conditions. 
All lignin coating treatments were performed at pH 12, to ensure
uitable aqueous solubility. The results of the studies leading to the se-
ection of Hinton-A lignin are summarized in Table 2 . 
ignin loading on TiO 2 
A number of small lignin loading tests were performed using radical
nitiators in an attempt to increase the shell thickness. In the case of P25,
adical generation by photoirradiated TiO 2 is efficient and adequate for
he crosslinking of lignin to form a good coating shell, typically 3–4 nm.
s the particles become larger, some assisted free radical generation
ould be desirable. For this purpose, we tried two initiators, hydrogen
eroxide and Irgacure-2959 – a water-soluble benzoin that generates
adicals with high quantum yield [25] , Scheme 2 . The coating results
re summarized in Table 3 . While partially successful, this approach
as not pursued any further, in part because most radicals are likely
enerated in solution away from the TiO surface. 2 
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Table 3 
Loading of Hinton-A lignin on various types of TiO 2 
a . 
Material UV exposure time Lignin: TiO 2 Lignin loading 
P25; ~25 nm TiO 2 3 h 1:1 3.5–4% 
P100a; 100 nm TiO 2 3 h 1:1 1% 
P100a; 100 nm TiO 2 (100 mg I2959) EtOH 3 h 1:1 2% 
P100r; 100 nm Rutile TiO 2 (100 mg I2959) EtOH 3 h 1:1 1% 
P100r; 100 nm Rutile TiO 2 (1% H 2 O 2 ) 3 h 1:1 1% 
P100r; 100 nm Rutile TiO 2 (100 mg I2959)EtOH 3 h 2:1 1% 
a Experimental details: 10 L of water, 30 g Lignin, 30 g TiO 2 , and 3.99 g NaOH [0.01 M]. The 
suspension was stirred for 1 hour then it was set in the flow system for 3 h, where the total power of 
the 12 UVA lamps was 480 W, the flow rate 1.3 mL/s and the residence time 17 min. 
Fig. 3. Top : Colour photographs of Hinton-A lignin materials of different 
composition. From left to right: lignin, lignin@P25a; Lignin@P100a and 
Lignin@P100r. The photographs were recorded in a well plate (top row of a 
4 × 6 plate). Middle: Normalized DR. of ZHL-10 lignin (green), Hinton A lignin 
(purple), HW lignin (blue); Bottom: TGA of ZHL-10 lignin (green), K31 lignin 
(red) Hinton-A lignin (purple), HW lignin (blue) (For interpretation of the ref- 
erences to color in this figure legend, the reader is referred to the web version 






Scheme 3. Mechanism of the test reaction used to evaluate the performance 


































c  eneration of a lignin coating on TiO 2 in multigram quantities 
The apparatus shown in Fig. 2 was utilized to produce lignin@TiO 2 
n multigram quantities. The Standard Operating Procedure (SOP) de-
eloped for this purpose is summarized in Chart 1 . 
Our work deals with TiO 2 particles of two average sizes, 25 and
00 nm. The amount of lignin required to produce a coating of a given5 hickness is different, specifically it is lower for the larger particles. A
imple calculation can be performed based on hypothetical spherical
articles, as shown in Fig. 4 . Essentially 4 times more lignin is needed
or the same thickness coating for 25 nm relative to 100 nm particles.
hile TiO 2 particles are not spherical, the same concepts apply, except
he percentages of lignin required will be slightly higher. The small dif-
erences between anatase and rutile reflect the higher density of the
atter. 
erformance tests for lignin shells as free radical chain inhibitors 
Numerous applications for TiO 2 rely on its well-known generation
f free radicals when exposed to UV light [19] . This property has been
requently used in catalysis and in the photoinduced degradation of or-
anic matter, specifically pollutants. This is not a desirable characteristic
n sunscreen, cosmetic or health applications. In order to test the abil-
ty of a lignin shell to inhibit free radical processes, we have used the
xidation of isopropanol to acetone, illustrated in Scheme 3 . 
A very important aspect of these tests is to determine whether scale-
p retained the radical scavenging performance observed earlier in small
cale batch experiments. Given the availability of test data for P25 TiO 2 ,
he same material was used for these tests, illustrated in Fig. 5 . In these
ests, the more isopropanol remaining after the UV exposure, the bet-
er the performance, with the 1–3 h range being the most relevant for
unscreen formulations. It is clear that all three methods of coating, cov-
ring the range from milligrams to tens of grams offer similar protection.
rom this we conclude that scale-up, as described in Chart 1 , does not
ead to a reduction of the radical protecting performance of a lignin shell
n TiO 2 . 
As already indicated the current tendency in sunscreen and cosmetic
pplications is to move towards larger particles yet, significantly smaller
han the diffraction limit. In fact particle size is a critical parameter in
unscreen formulations [26] . Generally, 100 nm TiO 2 particles meet this
riterium, and the perception is that rutile is less active than anatase
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Chart 1. Details of the Standard Operating Procedure (SOP) for a 10 L batch, illustrated for P100r. Some steps, particularly centrifugation may have to be adjusted 



































t  17] , with lower reactivity being an asset in the applications presented
n this contribution. Fig. 6 shows the results of these experiments. The
ignin loading is indicated at the top of each gray bar; note that 1% on a
00 nm particle produces a similar coating thickness as 3% on a 25 nm
article, see Fig. 4 . From Fig. 6 we conclude that in all cases lignin
ffers excellent protection. Naturally, the effect is maximal when the
adical generation is the highest as in P25. Thus, for P100r, where iso-
ropanol consumption of bare TiO 2 is about half (43% vs. 88% for P25)
he protective effect appears smaller, yet the reduction of isopropanol
onsumption is ~30%. Our results also confirm that rutile generates less
ree radicals than anatase. 
EM imaging 
TEM images were obtained from samples prepared suspending
5 mg of Lignin@TiO 2 in 1 mL milliQ water, then dipping the TEM
rid in the solution and letting them dry for few minutes. Subsequently
he samples were stained by dipping in a solution of 10 mg Uranyl ac-
tate in 1 mL of milliQ water; the treatment help visualize the lignin.
epresentative images are shown in Fig. 7 that illustrates the size differ-6 nce between P25 and P100 TiO2. Further, considerable aggregation is
bserved, some likely part of the sample preparation and drying process.
and gap determination 
The band gap for hybrid materials, like the lignin@TiO 2 described
ere can be determined from Tauc plots based on the diffuse reflectance
pectrum of the material. However, such plots need to be baseline-
orrected to account for apparent changes introduced by the decorating
aterial, in this case lignin. Makula et al. [27] have reported a detailed
rocedure for the analysis the spectra which we apply to Fig. 8 , and
eads to a band gap of 3.14 eV, essentially unchanged from the normal
ap for anatase. 
In an earlier contribution [18] , we showed that when used in
ombination, lignin@TiO 2 preserves the photoprotection properties of
vobenzone and also prevents the photodegradation of avobenzone
hen the amount of TiO 2 added generates a high concentration of ROS;
n fact, given the essentially unchanged band gap ( Fig. 8 ) we anticipate
hat TiO will remain an effective source of ROS. This opens the oppor-2 
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Fig. 4. Percent lignin required to obtain coatings for 1, 2 and 3 nm over hy- 
pothetically spherical nanoparticles of TiO 2 of different diameters. The gray 
bars represent the percentage needed for rutile and the black bar-top the 
amount needed for anatase. The two crystalline forms have different densi- 
ties, leading to slightly different lignin requirements. The following densities 
were used: lignin 0.80, anatase 3.83 and rutile 4.23 g cm − 3 (source: Wikipedia, 
https://en.wikipedia.org/wiki/Titanium_dioxide ). 
Fig. 5. Free radical generating ability of TiO 2 under irradiation, as measured by 
the remaining isopropanol (quantified by 1 H NMR) following UVA-UVB expo- 
sure (35–38 °C) of P25 TiO 2 and the various types of preparation of lignin@TiO 2 ; 
for details of the scale-up procedure see Chart 1 . See Scheme 3 for details of the 
mechanism. 
Fig. 6. Comparison of the effect of lignin as an inhibitor of isopropanol oxida- 
tion (see Scheme 3 ) after 1 h irradiation according to the standard procedure 
(see Experimental Section). All samples were prepared in the large scale setup, 
and the numbers on top of the gray bars correspond to the percent lignin by 






















7 unity to increase the amount of TiO 2 particles in formulations while
reserving the integrity of other organic active ingredients. 
onclusions 
As a new sunscreen ingredient, lignin@TiO 2 greatly reduces the re-
ease of free radicals to the environment, relative to bare TiO 2 . The effect
s true for both the rutile and anatase form of TiO 2 and for TiO 2 particles
f 25 nm or 100 nm. As shown in Fig. 6 , the lowest free radical release is
or lignin coated P100r, the form of TiO 2 favored by industry. While the
inton-A lignin selected for this work is quite colored (see Fig. 3 ), the
ignin coated TiO 2 samples have a light color acceptable for sunscreen
nd cosmetic applications; in particular, the 100 nm materials only re-
uire ~1% lignin to achieve a 3 nm lignin shell. Further, the maximum
llowed TiO 2 content in a sunscreen is 25%, and in practice rarely more
han 15%. In other words, the materials in Fig. 3 (top) would be further
iluted in commercial formulations. 
The scale-up of the photochemical synthesis of the various
ignin@TiO 2 was performed in a flow system consisting of six 150 cm
ubes, for a total of 9 m flow with close to one liter of materials exposed
t any given time ( Fig. 2 ). A relatively fast flow is required to prevent
ettling of the suspended materials during the photocatalytic generation
f the lignin shell. For this work 1.27 cm ID tubes were used; it should beFig. 7. TEM images (A) Lignin@P25 and (B) 
Lignin@P100a. 
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Fig. 8. Corrected Tauc plot (see text) for P25 lignin@TiO 2 , leading to a band 
gap of 3.14 eV; Corrections were introduced for lignin absorption and for base- 
line. Inset : diffuse reflectance spectrum of the sample. The term ‘tauc fit’ is used 









































































oted that scale-up using larger diameter tubes, is not a practical solu-
ion, as light penetration cannot be arbitrarily increased, instead longer
ubes (as used here) of multiple tubes in parallel are a better way to deal
ith light penetration limitations. These limitations are more severe in
eterogeneous systems where light scattering adds to absorption as a
enetration limiting factor. 
Among the materials studied, the one based on 100 nm rutile
lignin@P100r) is the most promising, as a 1% lignin coating greatly
educes free radical release, while retaining and enhancing the light pro-
ecting characteristics of TiO 2 . We note that as industry moves towards
referred inorganic or mineral materials, such as presented here, that
an alleviate or resolve concerns relating to the well established free-
adical generation ability of TiO 2 offer safety benefits without compro-
ising the sun protection properties of the material. 
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